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Alternative splicing is an important mechanism mediating the function of genes in multicellular organisms. Recently, we discovered a new
splicing-junction wobble mechanism that generates subtle alterations in mRNA by randomly selecting tandem 5′ and 3′ splicing-junction sites.
Here we developed a sensitive approach to identify such splicing-junction wobble isoforms using polymerase chain reaction amplification with
fluorescence-labeled primers encompassing the wobble-splicing boundary and capillary electrophoresis. Using the ING4 wobble isoforms as an
example, we demonstrated that capillary electrophoresis can precisely separate DNA fragments with a small difference in size (<3 nt) and can be
used to quantify the expression ratio, which thus measures the distribution of each splicing-junction wobble isoform in tissues. Based on our
analyses of several genes, the relative ratio of each wobble-splicing isoform tends to be constant among various tissues. The occasional observed
tissue heterogeneity of wobble-splicing transcripts can be generated only by genomic single-nucleotide polymorphisms around the splicing
junction.
© 2006 Elsevier Inc. All rights reserved.Keywords: Alternative splicing; Wobble splicing; Splicing junction; ING4; Capillary electrophoresis; SNPAlternative splicing is a main source of transcriptome and
proteome diversity [1]. Over the past few years, the analysis of
alternative splicing using bioinformatics has emerged as an
important new topic [2–6]. Recently, Hiller et al. [4] and
Tadokoro et al. [7] reported interesting results showing that
splicing acceptors with the genomic NAGNAG motif can cause
NAG insertion–deletion (InDel) in transcripts and may play
surprisingly complex roles in switching protein conformation
and function. We recently used a bioinformatics approach to
discover putative single-amino-acid InDel variants by searching
and analyzing the human expression sequence tag (EST)
database [8]. The NAGNAG-based tandem repeat was the
major splicing-junction wobble site observed in our previous
study, but our results also showed that the splice donor☆ This paper contains supplementary data that can be found at http://
140.109.42.19/wobble.htm.
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doi:10.1016/j.ygeno.2006.07.004(GTNGT) and non-NAGNAG splice acceptor sites can also
be used to generate such InDel variants in addition to bona fide
genomic DNA InDel events.
As an example in our finding, inhibitor of growth 4 (ING4), a
well-known tumor suppressor gene, contains a wobble-splicing
region. ING4 contains GC(N)7GT and NAGNAG motifs at the
exon 4-5 boundary, which could cause canonical (GT-AG) and
noncanonical (GC-GT) splicing site wobbling selection (Fig.
1A) [9]. Using database searches, we found that the GC(N)7GT
and NAGNAG motifs were conserved in human and mouse
ING4. Additional searches of GenBank revealed that human
ING4 exists in two transcripts (BC007781:GKKKG and
BC095434:GKKS), as does mouse ING4. In addition, Kim et
al. [10] found a common deletion in ING4 transcripts from
various human cancer cell lines, which consists of 12 nt (at the
exon 4-5 boundary), which eliminates a sequence of four amino
acids (KGKK). It is not clear whether the deletion represents a
polymorphism or is the result of alternative splicing. These
subtle changes in splicing site selection may increase ING4
protein diversity in a wide range of species.
Fig. 1. Verification of ING4 wobble-splicing using the capillary electrophoresis approach. (A) ING4 alternatively spliced mRNA variants, ING4GKKKG, ING4GKKS,
ING4EG, and ING4G. The four different isoforms of ING4 are caused by alternative splicing at the 5′ tandem donor [GT(N)7GC] and 3′ tandem acceptor (NAGNAG)
at the exon 4-5 boundary. (B) Schematic diagram showing the PCR primer position for amplification of the ING4 wobble-splicing variants. The single-headed arrows
show the primer position, and the double-headed arrow shows the overall PCR product size using this particular primer set. The PCR products created for the different
wobble-splicing isoforms had different sizes. The reverse primer was labeled with fluorescent dye (FAM) to label the PCR product. (C) Schematic illustration of the
separation and detection of the four ING4 wobble-splicing isoforms by capillary electrophoresis (blue peaks). The reference peaks of the GS350 ROX internal size
standard (Applied Biosystems, Foster City, CA) are indicated in red, with the molecular weights indicated below the peak.
856 K.-W. Tsai, W. Lin / Genomics 88 (2006) 855–864Alternative splicing is often found to be tissue specific or
developmental stage specific. Recent reports have also shown
that several genes are alternatively spliced at NAGNAG
acceptors and that this event might be tissue specific [4,7].
These studies could not, however, fully ascertain the tissue
specificity because of limitations of the RNA sources and
analysis techniques related to the low expression level of
wobble-spliced transcripts [7]. PCR-restriction fragment length
polymorphism (RFLP) and reverse transcription (RT)-PCR
polyacrylamide gel electrophoresis methods are the two
methods that have previously been used to verify and quantify
the subtle variants resulting from wobble splicing [7,8].
Unfortunately, these methods are time consuming, unable to
quantify the percentages of subtle splicing variants, and difficult
to standardize across animal species.
Because of the minor effects on mRNA and protein structure
that are caused by wobble splicing, this phenomenon is
frequently overlooked or underestimated in laboratory experi-
ments. Herein we introduced a modified capillary electropho-
resis (CE)–based approach for the identification and
quantification of the four alternative splicing-junction wobbleisoforms of ING4. Furthermore, we have applied this powerful
technique to other genes and observed that the greater part of
wobble splicing at tandem motifs is not controlled in a tissue-
specific manner.
Results
Wobble-splicing isoforms in ING4
The ING4 genomic sequence contains the GC(N)7GT and
NAGNAG motifs, which may produce alternative 5′ and 3′
splicing sites at the exon 4-5 boundary. If all possible
combinations of the two individual alternative splicing events
are taken into account, four different splicing variants of ING4
would be expected (Fig. 1A). By searching the EST database,
we identified four different subtle splicing-junction wobble
isoforms of ING4 located at the exon 4-5 boundary. In the
human EST database, we scanned 86 ING4 ESTs and identified
the isoforms GKKKG (29 ESTs, 33.7%), GKKS (41 ESTs,
47.7%), EG (3 ESTs, 3.5%), and G (13 ESTs, 15.1%). In the
mouse EST database, we scanned 134 ING4 ESTs and identified
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GKKS (74 ESTs, 55.2%), and G (56 ESTs, 41.8%).
Identification of human ING4 splicing-junction wobble
isoforms at the exon 4-5 boundary
We confirmed the above observation and hypothesis by
identifying four ING4 variants at the exon 4-5 boundary in
human cell lines by cloning and sequencing. We cloned ING4
cDNA by RT-PCR using oligo(dT)-primed cDNA from the
human cell line AZ-521 as template. We then cloned the
amplified PCR fragments into the pGEM-T vector and
sequenced individual clones.
We identified the originally published ING4 cDNA sequence
(GenBank: BC007781), which we refer to as ING4GKKKG, and
the splicing-junction wobble variants, ING4GKKS, ING4EG, and
ING4G (Fig. 1A). The four alternative splicing isoforms were
generated using the alternative tandem 5′ splicing site [GC
(N)7GT] and 3′ splicing site (NAGNAG), resulting in the
skipping of 0, 3, 9, or 12 bp at the exon 4-5 boundary.
ING4GKKS was generated by the deletion of 3 nt using the
alternative 3′ splicing site in exon 5, which resulted in an in-
frame replacement of adjacent lysine and glutamine residues
(KG) with a single serine (S) (Fig. 1A). The GC(N)7GT
tandem repeat donor in exon 4 created the two splicing-
junction wobble isoforms ING4EG and ING4G. In the case of
ING4EG, we identified the alternative splicing event, which
uses an alternative 5′ splicing site (GC) within exon 4,
leading to a 9-bp deletion resulting in the in-frame deletion of
three amino acids, in which four amino acids (GKKK) are
exchanged for an unrelated amino acid (E). The ING4G form
was generated using the alternative GC of the 5′ splicing
donor and the AG of the 3′ splicing acceptor within exon 5;
the use of the two alternative sites results in the in-frame
deletion of 12 bp and the deletion of four amino acids
(KKKG) at the protein level (Fig. 1A).
Identification and quantification of splicing-junction wobble
isoforms by capillary electrophoresis
The capillary-based autosequencer can separate DNA
fragments that differ in size by only 1 nt and yields results
that are highly reproducible [11,12]. It also can be applied in
high-throughput screening design. In our system, using 26
cycles of PCR and four ING4 cloned isoform cDNAs
prepared as template, we amplified a region containing the
variant junction of the ING4 exon 4-5 boundary using ING4-
2F/ING4-2R (6-carboxyfluorescein (FAM) labeled) and then
separated the FAM-labeled PCR fragments by CE (Fig. 1B).
The percentage of each of the four ING4 splicing-junction
wobble isoforms was then calculated using GeneScan 3.7.
The results show that the four variant splicing isoforms were
successfully separated by their size differences of 3, 9, and 12
nt (Fig. 1C).
Next, we tested the effect of different PCR conditions on the
generation of different amounts of the FAM-labeled PCR
products during amplification. We selected two differentconditions to evaluate CE performance with regard to
identification, precision, and reproducibility: (1) FAM-labeled
PCR fragments amplified from PCR reactions containing
different amounts of cDNA and (2) products obtained using
different numbers of PCR cycles.
First, we amplified the variant junction of ING4 exon 4-5
using 26 PCR cycles and serial dilution of the input cDNA of
HEL299 cells, followed by separation of the PCR fragments by
CE. The PCR product decreased as the cDNA concentration
became more dilute (Fig. 2A). As shown in Figs. 2A, 2B, and
2C, the FAM-labeled PCR products that were amplified using
the 100-fold dilution of cDNA were too rare to detect. We
concluded that 5 ng of PCR product was sufficient for CE
analysis and that the amount of cDNA did not influence the
results for the relative percentages of ING4 wobble-splicing
isoforms or the fragment resolution by CE (Figs. 2B and 2C). A
statistical analysis, performed using the Kruskal–Wallis test,
confirmed that the starting amount of cDNA template did not
alter the result.
We then examined whether the number of PCR cycles
influenced the result for the percentage of each ING4
splicing-junction wobble isoform. Different numbers of cycles
were performed during PCR amplification, and then the PCR
fragments produced within the exponential range were
analyzed (Fig. 2D). Over the range of 24 to 30 cycles,
identical results were obtained in three independent experi-
ments (Figs. 2D, 2E, and 2F). The above data showed that we
could increase the sensitivity of CE analysis by adjusting the
amount of cDNA template and the number of PCR cycles
without affecting the results for the relative percentages of
each isoform as determined by CE. In addition, we used
known amounts of each cloned cDNA isoform and varied
their proportions to demonstrate that PCR efficiency did not
influence the result for quantifying the percentage of each
isoform by CE (Figs. 3A, 3B, and 3C). Thus, we have
demonstrated a high-throughput and highly accurate and
sensitive method to analyze alternative splicing-junction
wobble isoforms with similar lengths.
Quantification of the variant ING4 transcripts in different
tissues
Using PCR-RFLP, we showed that ING4 wobble splicing
occurs ubiquitously in different cell types (Hep3B, HepG2, AZ-
521, HeLa, LNCap, MCF-7, AGS, and HEL299) with very
similar patterns of the four isoforms (Supplementary Fig. 1).
The splicing-junction wobble isoforms may, however, be
regulated by changing their relative percentages in different
cell types. To address this, we verified the percentages of the
different ING4 splicing-junction wobble variants in different
tissue types, stages, and species using our fast and convenient
CE approach. As shown in Fig. 4A, the percentages of each
ING4 wobble-splicing isoform were similar in adult human
cancer tissues and averaged 33.5% for the GKKKG form,
46.1% for GKKS, 3.5% for EG, and 16.9% for G. No
significant differences between these results and those for
adult human normal tissues, such as brain, liver, lung, heart, and
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adult and fetal human tissues (Figs. 4B, 4C, and 4F) were seen.
These results show that, in humans, ING4 wobble-splicing
regulation is independent of tissue type, tumorigenesis, and
developmental stage. Compared with normal adult human
tissues, the percentage of ING4GKKKG was about 4-fold lower
and that of ING4G was about 1.5-fold higher in normal adult
mouse tissues (Figs. 4B, 4D, and 4G). These are intriguing data
and the first evidence that the percentages of the ING4 splicing-
junction wobble isoforms are regulated in a species-dependent
manner.
Expression ratio of wobble-splicing isoforms of other genes
We believe that the wobble-splicing mechanism exists within
many genes [4,7,8]. The presence of alternative splicing at a
tandem 3′ and 5′ motif has been determined by systematical
experiments for only a few genes, however. Therefore, we
assayed for the presence of wobble-splicing variants in nine
genes using the CE approach. We selected six genes (TTF2,
ATP6AP2, METTL9/DREV1, FOXM1, RAD51C and
PGAM5) based on our previous work [8] and three genes
(TOR1AIP1/LAP1B, NOXO1, and TGFA) that were reported
by Tadokoro et al. [7]. These genes showed possible tissue-
specific expression patterns based on data from the EST
databases or RCR-PAGE data. As shown in Fig. 5 and
Supplementary Fig. 2, we clearly demonstrated that two
splicing-junction wobble isoforms exist for each of the
transcripts. Moreover, the ratio of wobble-splicing isoforms
was almost constant among tissues in most cases. Only LAP1B
had two wobble-splicing isoforms that varied considerably
among tissues (Fig. 5B and Supplementary Fig. 2C). However,
this analysis should be repeated in a broader analysis with other
RNA sources to confirm the presence of this variability.
Recent observations indicate that the pattern of selection of
tandem splicing sites may be affected by such factors as
genomic DNA alteration events by SNPs or InDel [8,13]. Thus,
we confirmed the pattern of wobble splicing in several human
cell lines and validated the sequence of the LAP1B splicing-
junction by genomic DNA PCR. Three variant splicing patterns
were identified in human cell lines along with three different
genomic genotypes (TAGCAG/TAGCAG and TAACAG/
TAACAG homozygous and TAACAG/TAGCAG heterozygous
genotypes) (Fig. 5C). The cells containing the NAGNAG
tandem splicing site would generate two wobble-splicing
isoforms. SNP alleles at the position of a NAGNAG acceptor
destroy this motif, thus preventing wobble splicing. The gastric
cancer cell lines HR, NUGC, and TSGH feature TAACAG/
TAACAG genotypes in their genome sequence, and thus onlyFig. 2. Lack of effect of cDNA concentration and PCR cycle number on the capillary
10 μg of total RNA from HEL299 cells, and then PCRs were performed on serial dilu
but with different numbers of cycles and the amplification conditions described unde
1.5% agarose gel from five PCRs using the indicated dilution of cDNA. (B) PCR frag
using GeneScan 3.7. (D) Representative PCR products on a 1.5% agarose gel for seve
curve (24–30 cycles) separated by capillary electrophoresis. (F) Percentages of the IN
F are the mean±SD for three independent experiments.one transcript was generated, which led to the deletion of 3 nt.
Heterozygous genotypes (TAACAG/TAGCAG, AGS, AZ-521,
and KatoIII) and the homozygous genotype TAGCAG/
TAGCAG (Hep3B) generated two splicing isoforms by wobble
selection at tandem acceptors. Nevertheless, we observed
variant splicing ratios of wobble-splicing isoforms in such
different genotypes (Fig 5C).
These results suggest that most of these wobble-splicing
transcripts are generated randomly. Genomic mutation or SNPs
may abolish splicing-junction wobble that can lead to changes
in the splicing pattern of a gene, which may be important to its
biological function.
Discussion
Alternative splicing, which occurs in up to 60% of human
genes, is assumed to be one of the major contributors to protein
diversity, as it often results in the expression of protein isoforms
[1,14]. Zavolan et al. [3] observed that alternative 5′/3′-splice
sites are frequently only a few nucleotides apart, indicating that
some of the variation may be caused by the random use of 5′-
and 3′-splice sites within a short region around the exon
boundaries. Alternative mRNA splicing can lead to small
changes in protein structure through the insertion or deletion of
small peptides [15]. In another study, Wen et al. [5] reported
that short alternative splicing and very short alternative splicing
events might have more drastic effects on protein function than
previously thought. Recently, we have described a new concept
that the tandem acceptor at exon–intron boundaries may cause
splicing-junction wobbling that could subtly alter protein
structure and provide a mechanism for increasing protein
diversity [4,6–8]. In the present study, we identified four
wobble transcripts generated by two different alternative
splicing events at the tandem motif in ING4.
Among many technologies that have been used for the study
of alternative splicing, traditional RT-PCR gel electrophoresis
was shown to be a common and convenient method of analysis.
This method is imprecise, however, as the length of the PCR
products can influence PCR efficiency and intensity on the
agarose gel, leading to difficult quantification, especially with
subtle changes in sequence, as seen with the ING4 alternative
splicing-junction variants. Another choice of analytic method is
real-time PCR, which could offer the best quantitative
measurement of each wobble splicing isoform. However,
specific primers will be needed for each isoform. The design
and validation of these isoform primers will be time consuming
and difficult in some cases, since wobble-spliced isoforms differ
in only three or a few bases and are surrounded by identical
sequences at the splicing junctions. Recently, McCullough et al.electrophoresis analysis. cDNAwas prepared in a 20-μl reaction mixture using
tions of the cDNA using 26 PCR cycles or on the same concentration of cDNA
r Materials and methods. (A) Representative example of the PCR products on a
ments from panel A separated by capillary electrophoresis and then (C) analyzed
n PCRs using 20–32 cycles. (E) PCR fragments from the exponential part of the
G4 splicing isoforms calculated using GeneScan 3.7. The values in panels C and
Fig. 3. Specificity and limitations of this method were analyzed using known amounts of each cloned cDNA and verifying their proportions by capillary
electrophoresis. (A) The equal amounts (about 1 ng of the pGEM-T-ING4 plasmids) of the four ING4 cloned isoform templates were prepared, and then PCRs were
performed on different dilutions of GKKKG cDNA using 20 PCR cycles. The profiles of the PCR fragments were detected by capillary electrophoresis (right panel),
and the relative percentages of the four isoforms were calculated using GeneScan 3.7 (left panel). (B, C) Cloned cDNAs of the GKKKG and GKKS isoforms were
mixed as template, and PCRs were performed on serial dilutions of the GKKKG (B) and GKKS (C) cDNAs using 20 PCR cycles. After capillary electrophoresis
separation (right panel), the percentages of the GKKKG and GKKS isoforms were calculated by GeneScan 3.7 (left panel). Please note that only 20 PCR cycles were
used in these experiments using plasmid templates.
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analyze micro alternative splicing. Herein we have described
another powerful and easy to perform method, which allows
for the verification of the micro-alternative-spliced alterations
generated by wobble selection of tandem splicing sites. The
CE technique was able to quantify precisely the percentages
of ING4 splicing-junction wobble isoforms in several celllines and tissues and was reproducible. The sensitivity of the
CE approach also allowed us to identify the EG isoform,
which was not found by searching the mouse EST database.
In addition, using this CE-based approach, we could easily
distinguish minor differences in transcript size and will be
able to examine the regulators in the splicing complex
involved in this wobble selection process. Thus, this method
Fig. 4. Percentage of ING4 wobble-splicing isoforms in different cell types, as determined by capillary electrophoresis. The cDNAwas prepared in a 20-μl reaction
mixture using 2.5 μg of poly(A)(+) RNA from normal human adult and fetal tissue samples; normal mouse adult tissue samples were obtained from Clontech and the
analysis of wobble splicing is described under Materials and methods. (A) Human adult tumor tissue (brain, liver, lung, heart, and kidney). (B) Normal human adult
tissues (brain, liver, lung, heart, and kidney). (C) Normal human fetal tissues (brain, liver, lung, heart, and kidney). (D) Normal mouse adult tissue (brain, liver, lung,
heart, and kidney). Comparison of the average percentage of the ING4 wobble-splicing isoforms in (E) human cancer tissues and normal human adult tissues, (F)
normal human adult tissues and normal human fetal tissues, and (G) normal human adult tissues and normal mouse adult tissues. One representative data set is shown
here from two independent experiments. **p<0.01 by the Kruskal–Wallis test.
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that insert or delete a single amino acid in the protein, are
present in 30% of human genes, and are functional in at least
5% of these genes [7,8,17].
Previous studies showed that the first AG downstream of
the branch point sequence is normally used as the 3′ splice site
[18]. However, recent studies do not support this scanning
model. The tandem splicing acceptor may cause trinucleotide
InDel in transcripts, a phenomenon that is generated by splice-
site random selection. In the study by Hiller et al. [4], theNAGNAG acceptors of ITGAM, SMARCA4, and BTNL2 were
reported to be tissue specific. Moreover, Tadokoro et al. [7]
reported that the expression ratio of protein isoforms with or
without a single amino acid sometimes varied extensively
among tissues. Herein we observed that the splicing-junction
wobble isoforms of 10 genes were tissue- and development-
stage-independent. Interestingly, a single-nucleotide poly-
morphism (SNP) at the tandem motif caused varied ratios of
LAP1B wobble-splicing isoforms among different tissues and
cell lines. This indicates that the observed tissue specificity of
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the SNPs existing at junctions and the heterogeneity of the
cDNA source. Based on our experiments, we believe that most
of this wobble splicing is likely due to steric hindrance from a
factor bound at the surrounding tandem motif sequence.
In summary, we have successfully identified and quantified
the percentages of the four ING4 splicing-junction wobble
isoforms in different tissues using CE. This is an excellent new
technique for examining the alternatively spliced messenger
transcript profiles of large numbers of cancer cell samples that
differ by only a few nucleotides and cannot be resolved by
current techniques. Moreover, we successfully applied this
powerful method to confirm the wobble-splicing events in
several genes that contain 3′-NAGNAG tandem motifs at their
intron–exon boundaries.
Materials and methods
PCR oligonucleotide primers
The sequences of the oligonucleotides used in this study were as follows:
ING4-1F, 5′-ATGGCTGCGGGGATGTAT-3′;
ING4-2F, 5′-GTGGACAAACACATTCGGCGGCTG-3′;
ING4-3F, 5′-CGTTTTGAGGCTGATCTCAA-3′;
ING4-1R, 5′-TTTCTTCTTCCGTTCTTGGGA-3′;
ING4-2R (FAM-labeled primer), 5′-GCACGAGCTTTAACTTCTTC-3′;
TTF2-F (FAM-labeled primer), 5′-GCCACAAGGAGGAATTCTGG-3′;
TTF2-R, 5′-TGAGCGCAATCATTGTCAGG-3′;
ATPAP2-F (FAM-labeled primer), 5′-GAGTTAGTCACTGTCAAGTC-3′;
ATP6AP2-R, 5′-GTACCATGTTGAAAACCACG-3′;
METTL9-F (FAM-labeled primer),5′-AGTGTCTTGGAGCCAACTAGAG-3′;
METTL9-R, 5′-CTTCAGGCAGACTATTCACTTG-3′;
FOXM1-F (FAM-labeled primer), 5′-AGCCCTTTGCGAGCAGAAAC-3′;
FOXM1-R, 5′-GCTGCTCCAGGTGACAATTC-3′;
RAD51C-F (FAM-labeled primer), 5′-GACATGCTGCTACAATACGG-3′;
RAD51C-R, 5′-GTGCTCAAGGAACCTTCTGTT-3′;
PGAM5-F (FAM-labeled primer), 5′-GTCTCATTGGAAGCCGGAAG-3′;
PGAM5-R, 5′-TGCACACGATGTAGCGGATG-3′;
TOR1AIP1-F, 5′-TGAAGCATCTTCCCAAACTG-3′;
TOR1AIP1-R (FAM-labeled primer), 5′-GGTCGACGTAACCTGATTAC-3′;
NOXO1-F, 5′-TCTCTGTGCGCTGGTCAGAC-3′;
NOXO1-R (FAM-labeled primer), 5′-FAM-AGAACGCGGTCA-
GATCTCCG-3′;
TGFA1-F, 5′-CAGGCCTTGGAGAACAGCAC-3′; and
TGFA1-R (FAM-labeled primer), 5′-TGCAGGTTCCATGGAAGCAG-3′.
RNA extraction and sources
cDNA was prepared from 16 cell lines, Hep3B, HepG2, AZ-521, HeLa,
LNCap, MCF-7, AGS, HR, KetoIII, NUGC, TSGH, HEL299, NK92, ECV304,
SC-M1, and 293T, as described previously [19]. The cDNA was prepared in aFig. 5. Expression patterns of nine human gene splicing-junction wobble isoform
(NP_057109), FOXM1 (NP_068772), RAD51C (NP_478123), and PGAM5 (NP
human tissues by capillary electrophoresis. (B) Three additional wobble-splicing g
were analyzed in several human tissues. (C) Identification of the genomic sequence
HR, KatoIII, NUGC, SC-M1, TSGH, ECV304, NK92, HepG2, Hep3B, and 293T).
confirmed by genomic DNA PCR. SNPs at tandem acceptors affected the wobb
tandem acceptor results in the expression of one transcript, and homozygosity of
expression of the insertion form being much higher than that of the deletion form
deletion form is increased.20-μl reaction mixture using 10 μg of total RNA from 16 cell lines. RNA
samples from normal human adult and fetal tissue samples and normal mouse
adult tissue samples (brain, liver, lung, heart, and kidney) were obtained from
Clontech (Palo Alto, CA, USA). Reverse transcription was carried out using
2.5 μg of poly(A)(+) RNA, oligo(dT)15, and SuperScript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA). After cDNA reverse transcription, the final
reaction volume was diluted 10 times to 200 μl and 1 μl of the final diluted
cDNA product was used for further PCR.
Plasmid construction and sequence validation of cSNP
The cDNA of the ING4 splicing variants was amplified by RT-PCR from
total RNA from the gastric cancer cell line AZ-521 (obtained from the ATCC)
using the ING4-1F/ING4-1R primer pair, and the amplified fragments were
cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA). Several
clones were randomly selected, and their sequences were determined using an
autosequencer. All genomic DNAwas prepared from human cell lines. The PCR
primer pairs were used to amplify the genomic DNA sequence. The gene-
specific PCRs were conducted at 94°C for a period of 5 min, generally 35 cycles
of 94°C/20 s, 58°C/30 s, and 72°C/30 s, and the final extension phase at 72°C
for 10 min using PCR thermocycler and Takara Taq polymerase (Takara, Shiga,
Japan). Then the PCR products were sequenced by an autosequencer in our
Institute's core facility.
Capillary electrophoresis analysis
PCRs were performed in a final volume of 20 μl, consisting of 10×
PCR buffer, fluorescence-labeled primers (FAM-labeled ING4-2R/ING4-2F),
dNTPs, and Takara Taq DNA polymerase (Takara). Unless otherwise
stated, the PCR conditions were as follows: 94°C for 5 min; 26 cycles at
94°C for 1 min, 58°C for 1 min, and 72°C for 1 min; 72°C for 10 min;
and cooling at 4°C. A portion of the PCR mix (1 μl) was diluted to 10 μl
with 8 μl of formamide (Applied Biosystems, Foster City, CA) and 1 μl of
ROX 350 fluorescent size standards (Applied Biosystems), denatured at
95°C for 5 min, and cooled at 4°C. The amplified PCR products were
separated on an ABI 3100-avant DNA analyzer using Polymer 3100 POP4
(Applied Biosystems) and then quantified using GeneScan 3.7 software.
The percentage of each ING4 wobble-splicing isoform was determined as
(peak area for the individual isoform)/(total area for all 4 ING4 wobble
splicing isoforms)×100.Acknowledgments
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